We observed the abundance of leaf shelters, aphids, other herbivores, and predators on willow trees, Salix eriocarpa, from May to October 2003. There was a positive correlation between the growth rate of aphids and the number of ants per shoot, suggesting ant attendance to aphids. Although the mean abundance of leaf shelters per shoot was rather low (1.7-2.2) throughout the observation period, aphids preferred to use shoots with leaf shelters compared with those without leaf shelters. The abundance of ants was positively influenced by the presence of leaf shelters and aphids from May to August. The abundance of other herbivores was positively influenced by leaf shelters, but negatively influenced by aphid presence from May to August. Furthermore, leaf shelters had a positive effect on the abundance of predators from July to October. These data suggest that a relatively low abundance of naturally occurring leaf shelters per shoot influenced the arthropod communities on S. eriocarpa, and the effect of those leaf shelters on each type of arthropod varied according to the season.
Introduction
Herbivory frequently alters plant characters but rarely influences plant mortality. Herbivores may induce changes in certain plant traits, affecting the responses of other herbivores and predators on the same plant (Karban & Baldwin 1997; Ohgushi 2005) . Thus, herbivoreinduced indirect effects on arthropod communities can be either positive (Williams & Myers 1984; Damman 1987; or negative (Karban 1986; Strauss et al. 1996; Denno et al. 2000) . For example, the amount of nicotine, known to have a defensive function in nature, in wild tobacco plants was increased in response to herbivory (Baldwin et al. 1994) . In addition, the regrowth response of the willow to the stem gall midge, Rabdophaga rigidae, positively affected other herbivores by enhancing the availability of food resources .
Many herbivores alter leaves to produce leaf shelters (Fukui 2001) . After being abandoned by their builders, leaf shelters are frequently used by other arthropods and enhance their performance (e.g. Damman 1987; Cappuccino 1993; Cappuccino & Martin 1994; Lill & Marquis 2003) . On willow trees (Salix sp.), several aphid species are known to use abandoned leaf shelters , with aphid colonization often followed by aphid-attending ants (Way 1963; Buckley 1987) . The shelters mediate aphid-ant interactions, resulting in negative effects on other arthropods since ants attending the aphids prey on other arthropod species (Flower & Macgarvin 1985; Floate & Whitham 1994; . experimentally examined how artificial shelters used by aphids that were attended by ants affected leaf beetles on a willow, Salix miyabeana, in July. They showed that the abundance of aphids increased with the abundance of artificial leaf shelters on a shoot as did the abundance of ants that entered leaf shelters to collect aphid honeydew. They concluded that shelter-making herbivores increased the abundance of both aphids and ants and decreased the survival rate of leaf beetle larvae.
The long-term seasonal effects of naturally occurring leaf shelters on the arthropod community on a plant would be important when considering ecological functions of leaf shelters, but such effects have not yet been studied. We hypothesized that such effects, if any, would depend on several factors, such as the seasonal changes of the number of leaf shelters, aphid-ant interactions, and co-occurring taxa in the arthropod community. In this study, we investigated the effects of naturally occurring leaf shelters on the willow tree Salix eriocarpa by focusing on the seasonal variation of the above factors.
Materials and methods

Study site
The field study was conducted on the banks of the Yamato River (34°57′N, 135°62′E) in Osaka, Japan, in 2003. The observation period was from May to late October (six months) and was arbitrarily divided into three periods (the first period [May to the end of June], the second period [July to the end of August], and the third period [September to the end of October]). We focused on one of the dominant willow tree species, Salix eriocarpa. One typhoon struck the site at the end of August. It caused floods and storms that partially damaged the study site. The average temperature was ca. 23°C in the first and the third periods, while it was ca. 27°C in the second period.
Field observations
In the first period, we selected five trees for observation. We added five more trees in the last week of June. In the second period, three trees were lost during a typhoon at the end of August. Therefore, we added three more trees at the beginning of September. On each S. eriocarpa tree, we randomly selected five one-year-old shoots.
(1) Seasonal variation of arthropods. We counted the number of arthropods per shoot weekly, categorizing the groups into aphids, ants, other herbivores, and generalist predators (spiders, predatory beetles, and stinkbugs). We identified aphids and ants to the species level. (2) Relationship between the number of ants and the growth rate of aphids on a shoot. We counted the number of ants and aphids on a shoot during the observation period. The growth rate of an aphid population was calculated for each week [(X n + 1 −X n )/X n ; X n = number of aphids at n-th observation]. (3) Seasonal variation of shelters and arthropods in them. Shelter makers that we observed during the season were as follows: Sawflies, Phyllocolpa spp, made leaf rolls by inducing gall Figure 2 . Relationship between the number of ants and the growth rate of aphids on a shoot. The two parameters were significantly correlated (Spearman rank correlation: r = 0.46, P < 0.05). 
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tissues. Larvae of Tortricidae made leaf shelters by rolling a single leaf (leaf roll) or by tying two or three leaves together with silken thread (leaf sandwich). Spiders also made leaf sandwiches.
We counted the number of shelters per shoot every week. Pooled data were used for analyses. We planned to observe the same branches during all censuses. However, branches were sometimes lost due to flooding, typhoon, or strong wind. In such cases, we chose other branches. We carefully checked the inside of leaf shelters so as not to destroy them. We evaluated the overall effects of the abundance of shelters of the above three types.
Statistics
Spearman's correlation test was used to assess the relationship between the aphid population growth rate and the number of attending ants. The number of leaf shelters per shoot with shelter(s) was compared among the three periods by using the nonparametric SteelDwass multiple-comparison method. We used Ryan's method to test whether the ratio of leaf shelters used by each arthropod category to the total number of leaf shelters during each period was significantly different from that during the other periods. The number of aphidinfested shoots relative to the total number of shoots with leaf shelters was compared with that relative to the total number of shoots without leaf shelters in all periods. The Mann-Whitney U-test was used to compare the number of aphids on shoots with and without shelters. The effect of the number of shelters and aphids on the number of other arthropods in each season was analyzed using a generalized linear model (GLM) with Poisson distribution and log link function. When interaction factors were not significant, we recalculated the data using a GLM that excluded interaction factors. All analyses were performed using 'R' software (ver. 2.15.2) (R Core Team 2012).
Results and discussion
The seasonal changes in the abundance of aphids, ants, leaf shelters, other herbivores, and generalist predators (mainly spiders) per shoot are shown in Figure 1 . Among the other herbivores, willow leaf beetle, Plagiodera versicolora, was the dominant species. We observed 36,609 individual aphids consisting of Chaitophorus saliniger (91.9%), Tuberolachnus salignus (7.4%), and Aphid farinasa (0.7%). We commonly observed five ant species: Lasius sakagamii (87.6%), Ochetellus glaber (>1%), Leptothorax spinosior (>1%), Pristomyrmex pungens (>1%), and Formica japonica (>1%) (N = 1023). During field observation, we frequently found that the ant species L. sakagamii attended C. saliniger to collect honeydew. This ant attendance behavior is reported to have positive effects for the aphids whereby the ants reduce the incidence of lethal disease in the aphid population (Nielsen et al. 2009 ). In addition, the ants remove other natural enemies of aphids (Stadler & Dixon 2005) . We found a significant correlation between the number of ants and the growth rate of aphids (Spearman rank correlation: r = 0.46, P < 0.05, N = 18; Figure 2 ), suggesting that attending ants protect aphids from predators. found that on Salix miyabeana, C. saliniger was attended by the three ant species Camponotus japonicus, Lasius hayashi, and Myrmica jessensis. In addition, they found that numbers of aphids and ants were significantly correlated.
The number (M ± SE) of leaf shelters per shoot with shelters in the three periods was 2.2 ± 0.2 (first period), 2.0 ± 0.1 (second period), and 1.7 ± 0.2 (third period). The number in the third period was significantly smaller than the numbers in the first and second period (Steel-Dwass test, P < 0.001; first period, N = 76; second period, N = 174; third period, N = 98; Figure 3a) . In the first, second, and third periods, 81.5%, 53.7%, and 25.8%, respectively, of all leaf shelters were empty, and the values during the three periods were significantly different from each other (Ryan's test, P < 0.05 for all comparisons; first period, N = 168; second period, N = 348; third period, N = 163; Figure 3b ). This suggests that the use of leaf shelters increased throughout the observation period. In the first period, either aphids or other herbivores used the leaf shelters. In the second period, in addition to aphids and other herbivores, generalist predators occupied ∼8% of the shelters. The fraction of leaf shelters used by a combination of aphids and other users increased in the third period (Figure 3b ). These data demonstrate that (1) approximately two shelters per shoot were available to arthropods during the observation period; (2) a relatively high fraction of leaf shelters were empty, especially in the first and the second period; (3) the predominant users of leaf shelters were aphids. found that leaf shelters on Salix miyabeana were predominantly used by the aphid C. saliniger.
The fraction of aphid-infested shoots with leaf shelters was significantly higher than that without in all periods (Ryan's test: the first period, P < 0.001, shoots with and without shelter: N = 77, N = 48; the second period, P < 0.001, shoots with and without shelter: N = 174, N = 131; the third period, P < 0.001, shoots with and without shelter: N = 98, N = 282; Figure 4a ). The number of aphids per shoot was significantly higher on shoots with leaf shelters than that on shoots without throughout the observation period (Mann-Whitney U-test: first period, P = 0.001; second period, P < 0.001; third period, P < 0.001; Figure 4b ).
The effects of leaf shelters and aphids on the number of ants were both significantly positive in the first and second periods (Table 1) . Why the interaction of aphid and leaf shelter showed a negative association only in the second period remains unknown. In the third period, the effect of aphids on the number of ants was positive, while the effect of shelters was negative (Table 1) . These results suggest that the effects of the presence of leaf shelters vary according to the season. Causative factors of these variations are unknown, and their clarification would require further studies.
The presence of leaf shelters positively influenced the number of herbivores on S. eriocarpa shoots throughout the observation period (Table 2 ). In contrast, the presence of aphids negatively influenced the number of herbivores in the first and second periods (Table 2) . No effect of aphids was detected in the third period. showed that fewer larvae of the leaf beetle P. versicolora survived on shoots with artificial shelters 
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inhabited by ant-attending aphids than on shoots without the shelters. Their observation period was one week. In the present study, we observed naturally occurring shelters on willow shoots for ca. 6 months and found that herbivores preferred shoots with naturally occurring shelters compared with those without. We investigated the effects of leaf shelters and aphids on the number of generalist predators (Figure 1 ; Table 3 ). The presence of shelters positively influenced the number of predators in the second and the third periods. There was no significant effect of aphids on the number of predators during any period. Thus, the effect of shelters on the carnivorous arthropod community also showed seasonal variation.
Leaf shelters have been reported to affect microhabitat conditions (Hunter & Willmer 1989; Cappuccino 1993; Cappuccino & Martin 1994; Larsson et al. 1997; Martinsen et al. 2000; Fukui 2001) . In this study, the presence of approximately two leaf shelters per shoot affected the distribution of aphids, ants, other herbivores, and generalist predators. Although aphids preferred shoots with leaf shelters, a substantial number of the aphids were found outside shelters (Figure 5a ). Substantial numbers of other herbivores and predators were also found outside shelters (Figure 5b and c) . Therefore, some unknown factor(s) associated with the presence of leaf shelters affected the distributions of aphids, ants, other herbivores, and predators. For example, in response to shelters built by herbivores, shoots might have changed their quality for arthropods. Further, if individual shoots have different food quality, the distributions of builders and other arthropods would be affected by such differences. Further studies are needed to clarify the effects of leaf shelters on the arthropod assemblages on willow trees. K. Yoneya et al. 368
